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Role of Passive Microwave Remote Sensing
in Improving Flood Forecasts

Rajat Bindlish, Senior Member, IEEE, Wade T. Crow, and Thomas J. Jackson, Fellow, IEEE

Abstract—Accurate information concerning antecedent soil
moisture conditions is a key source of hydrologic forecasting skill
for regional-scale flooding events occurring over time scales of
days to weeks. Remotely sensed surface soil moisture observa-
tions are a viable source of such information and can potentially
improve flood peak timing and magnitude forecasting in such
events. C- and X-band brightness temperature data from the
Advanced Microwave Scanning Radiometer (AMSR-E) aboard
NASA’s Aqua satellite are used here to demonstrate the potential
for improving streamflow forecasts by using remotely sensed sur-
face soil moisture during a flooding event in northeastern Australia
(Queensland) during January–February 2004. An analysis of
AMSR-E brightness temperature imagery reveals a clear anomaly
of low AMSR-E brightness temperatures (i.e., high soil mois-
ture conditions) over the affected areas in the four- to five-day
period preceding peak streamflow conditions. Land surface con-
ditions are a remotely detectable precursor to subsequent down-
stream flooding. Use of a simple adaptive model demonstrates that
AMSR-E passive microwave observations can add skill to stream-
flow forecasts during the event.

Index Terms—Floods, hydrology, microwave remote sensing,
rainfall–runoff modeling, soil moisture.

I. INTRODUCTION

F LOODS are, by a large margin, the most costly of natural
hazards in terms of both human lives and property dam-

age [1], and an increased frequency and severity of floods is
commonly cited as one of the potential risks of climate and
land-use change [2]. Soil moisture is the key state variable for
land surface hydrology; it controls the proportion of rainfall
that infiltrates, runs off, or evaporates from the land surface.
Soil moisture also integrates precipitation and evaporation over
periods of days to weeks and introduces a significant element
of memory into the land–atmosphere system. Consequently, the
availability of reliable information about surface saturation is
widely regarded as an important component of accurately fore-
casting the onset and evolution of flooding events. A portion
of this predictability is based on land–atmosphere coupling and
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on the potential for improving precipitation forecasts through
the improved initialization of surface wetness in numerical
weather forecasting and climate models [3]. However, a more
direct contribution is derived from the increased confidence in
runoff and streamflow forecasts afforded by better knowledge
of surface infiltration capacity. Regional-scale flooding events
are typically associated with extended periods (i.e., weeks to
months) of above average rainfall, which steadily erodes the
ability of the subsequent rainfall to infiltrate the land surface.

Operational flood forecasting in the United States is currently
based on the integration of rainfall and river stage measure-
ments with soil moisture information derived from observed
precipitation and simple vertically integrated soil water ac-
counting models [1]. These soil moisture estimates are fre-
quently referenced in flash-flood guidance products generated
by United States National Weather Service River Forecast Cen-
ters. Satellite remote sensing in general and microwave radiom-
etry in particular can potentially provide reliable and repeated
surface (1- to 5-cm depth) soil moisture measurements over
lightly and moderately vegetated regions of the globe [4]–[6].

Recent work has demonstrated the increased skill in
runoff/rainfall partition modeling when using remotely sensed
surface soil moisture [7]–[9]. However, most flooding work
has focused on the use of remote sensing as a tool for flood
monitoring and assessment instead of for forecasting [10]–[13].
Making the transition between monitoring and forecasting
requires direct observations of the hydrologic precursors to
flooding events (e.g., elevated soil moisture conditions) and not
simply the manifestation of the flood itself.

This letter will attempt to utilize this capability in flood
forecasting by examining the value of AMSR-E brightness
temperature observations in forecasting the onset and evolution
of a flooding event that occurred in northeastern Australia
during January 2004. Here, we focus directly on a time series of
6.9 GHz (C-band) and 10.7 GHz (X-band) AMSR-E brightness
temperature observations and do not attempt to correct for
vegetation water content, surface roughness, or physical tem-
perature impacts on microwave emission. Instead, a time-series
methodology is employed that assumes the day-to-day changes
in brightness temperature are due primarily to variations in soil
water content.

II. DATA SYNOPSIS

The AMSR-E instrument aboard the NASA Aqua satellite
measures brightness temperature at 6.9, 10.7, 18, 21, 37, and
89 GHz. The spatial resolution on the ground of these observa-
tions is 60 km at C- and X-band. This may limit their value for
certain applications, but it is important to note that regional-
scale flooding events are typically associated with saturated
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Fig. 1. Map of the Cooper Creek catchment located in Queensland, Australia.
Stream gauge locations within the catchment are shown in red.

near-surface conditions over very large areas. More information
on the AMSR-E instrument can be found in [4].

The Cooper Creek catchment is located in an arid climate
regime and receives an average annual rainfall of less than
400 mm. About half of the annual precipitation occurs during
summer due to the monsoons. The Cooper Creek drainage
network originates in the Great Dividing Range in northern
Queensland and flows into Lake Eyre, South Australia. It has
a drainage area of approximately 300 000 km2. The Cooper
Creek is one of three major catchments that comprise the Lake
Eyre basin.

Rivers in the catchment are ephemeral, flowing only after sig-
nificant rainfall and often experiencing long periods of no flow.
The southern portion of the catchment is commonly referred
to as the “Channel Country” due to the extensive networks of
braided and anastomosing channels [14]. Approximately one-
third of the Cooper Creek catchment consists of floodplain
soils, and the floodplain spans greater than 60 km in the south.
Overall, the catchment is a distributary system where annual
discharge decreases with increased downstream distance [14].
The large transmission losses responsible for such decreases
occur due to a combination of low and patchy rainfall, high
evaporation, low topographic gradient, and the presence of
numerous potholes in the Channel Country portion of the
catchment.

The northern portion of the Cooper Creek catchment consists
of the Thompson and Barcoo River watersheds. The Barcoo
River drains an area of 50 500 km2 above the town of Retreat,
and the Thompson River drains an area of 87 811 km2 above
the town of Stonehenge (Fig. 1). Unlike the southern portion
of the Cooper Creek watershed, both are fast flowing rivers
with well-defined channel boundaries and minimal travel times
for flood wave propagation. In the Thompson River watershed,
there are two operational streamflow gauges at Bowen Downs
(22 825 km2) and Longreach (57 597 km2), which aid in under-
standing and monitoring the flood wave propagation (Fig. 1).

The Australian rain gauge network consists of nearly 6000
real-time reporting stations that measure 24-h rainfall accu-
mulations. These observations were interpolated onto a 0.25◦

latitude–longitude grid using an inverse distance weighting

Fig. 2. Schematic of the adaptive model used for streamflow prediction.
Observed data from the current and four previous days are used to forecast
streamflow with a lead time of five days.

scheme and used to construct a national daily precipitation
product for Australia [15].

III. ADAPTIVE STREAMFLOW MODEL

Operational flood forecasts rely on a number of inputs
including precipitation observations (or predictions), assess-
ments of land surface infiltration capacity, and the retrospective
tuning of model forecasts to match observed streamflow. In
order to assess the impact of new observation types on such
forecasts, we employ a nonparametric adaptive modeling ap-
proach, which—despite its relative simplicity—effectively cap-
tures these key aspects of the hydrologic forecasting problem.

A simple statistical adaptive model is developed to fore-
cast streamflow using antecedent precipitation observations,
AMSR-E brightness temperature observations and past stream-
flow rates. These observations form a set of inputs that are
weighted using an adaptive model to forecast future streamflow.
As they become available, new streamflow observations are
used to update these weightings. This adaptive approach is
dynamic in nature and can account for nonlinear responses.
Essentially, the adaptive model performs a linear fit at a given
instant of time. However, these weights change depending on
evolving prevalent conditions. These changes allow the model
to adaptively update itself in response to dynamic changes
in forecasting performance and outperform simpler regression
approaches based on a single static fit of observations to
observed streamflow. In this way, streamflow is forecast for
time t + L using observations available at time t and stream-
flow forecasts for times t + 1 to t + L − 1, where L represents
the lead time for the forecasts. The forecast lead time (response
time) depends on the geophysical characteristics of the water-
shed and is independent of the precipitation event. Here, the
lead time is determined using the typical lag between observed
precipitation and streamflow response.

Fig. 2 shows a schematic of the adaptive model. The input
[X(t)] consists of precipitation [P (t)], brightness temperature
[Tb(t)], and streamflow [S(t)] observations. Brightness tem-
perature, precipitation, and observed streamflow for five time
steps (i.e., the present and four previous days) are used in the
adaptive model. Based on time series analysis, a forecast is
made for the next five days (L = 5 days) using the adaptive
model. Therefore, the input vector X(t) is expressed in (1),
shown at the bottom of the next page, where Y (t) represents
streamflow forecasts obtained through previous applications of
the adaptive model. AMSR-E brightness temperatures at 6.9
and 10.7 GHz for both H and V polarizations were used in

Authorized licensed use limited to: Rajat Bindlish. Downloaded on February 2, 2009 at 16:44 from IEEE Xplore.  Restrictions apply.



114 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 6, NO. 1, JANUARY 2009

the adaptive model. Streamflow forecasts for time t + L are
obtained using

Y (t + L) = X(t) • W (t). (2)

As they become available, streamflow observations S(t) are
compared to streamflow forecasts Y (t) (obtained L days in the
past), and their difference is used to update W (t) [16]

W (t + 1) =
[Y (t) − S(t)]∑

W (t)X(t)
∗ X(t) • W (t) + W (t). (3)

Data from January to March 2003 were used to initialize
the model weights. Following this initialization, streamflow
forecasts were made using (2) and weightings iteratively
updated using comparisons with streamflow observations as
given by (3). In this way, (2) and (3) comprise a simple adaptive
approach to streamflow forecasting. Since the Cooper Creek
watersheds have little or no baseflow component, the adaptive
model was turned off (until the next precipitation event) once
forecasts of zero or negative streamflow were made. This area
receives significant precipitation resulting in streamflow only
during the summer.

It is important to note that (2) describes a nonparametric
approach to forecasting streamflow observations. Since it lacks
a basis in hydrologic modeling, it cannot be applied to other
watersheds without adequate calibration. In particular, the
weighting vector calculated in (3) is site-dependent and must
be obtained on an individual basis for each watershed.

IV. EVENT EVOLUTION

Heavy and persistent monsoonal rains during January 2004
produced the wettest January in 30 years for the Australian
state of Queensland. Percentage comparison to normal shows
the extremity of the flooding event, with large areas of
the Barcoo River watershed receiving 300%–400% of normal
rainfall for the period. This precipitation spawned the worst
flooding since 1972 and resulted in 32 million U.S. dollars
of damage. Widespread precipitation began on January 9 in
the northern part of the Barcoo watershed (areal average of
30 mm/day). This precipitation event was followed by another
event from January 12–14 (areal average of 90 mm/day). Fig. 3
shows the 6.9 H GHz AMSR-E observations over northeastern
Australia during this period. As a result of these precipitation
events, brightness temperature observations over the region
decreased (indicating a rise in soil moisture) until they reached
a minimum between January 13 and 17.

In contrast, streamflow in the Barcoo River and Cooper
Creek was below flood levels prior to January 13. Moderate
to minor flooding was observed on January 14 along the
Barcoo River [Fig. 4(b)]. Major flooding was not detected until
January 15, and peak flows did not occur until January 18. In
the town of Retreat, Queensland, the Barcoo River crested on
January 18 at 11 m, 8 m above the 3-m flood stage. Since peak
flows in the Barcoo River did not occur until January 18, it is

clear that the minimum brightness temperatures (i.e., highest
soil moistures) in Fig. 3 precede peak streamflow conditions
by about four days. Similar lead times were observed along
the Thompson River. The upstream gauge at Bowen Downs
had a somewhat shorter lead time (four days) than downstream
gauges at Longreach and Stonehenge (six days). Nevertheless,
the brightness temperature signatures of inundated land surface
conditions shown in Fig. 3 constitute a remotely detectable
precursor to subsequent downstream flooding.

The use of microwave sensors provides a unique opportunity
to monitor the land surface in the presence of clouds. This
ability is critical for flood forecasting since rainy periods pre-
ceding the onset of large-scale flooding naturally tend to be
associated with extensive cloud cover. This limits the value of
visible/infrared sensors for flood forecasting and monitoring
purposes. Remote visible and infrared sensors provide higher
resolution imaging during cloud-free days, but it is critical
to supplement these images with microwave observations on
cloudy days. For this particular event, the Moderate Resolu-
tion Imaging Spectroradiometer could not image this flooding
event until after the onset of widespread major flooding on
January 18.

After peak flooding during the middle of the month, the
Cooper Creek catchment did not receive significant precipi-
tation during the second half of January 2004. A dry-down
pattern (increasing brightness temperatures) can be seen during
this period in the AMSR-E brightness temperature imagery
in Fig. 3. The areal average 6.9 H GHz brightness temper-
ature increased from ∼218 to ∼260 K during the period.
This increase is partly due to an increase in surface temper-
ature. Nevertheless, catchment-averaged brightness tempera-
tures at the end of January were still lower than preevent
levels and did not rise back to such levels (i.e., ∼270 K before
January 7) until February 1. After January 24, 2004, an area
of low brightness temperature (associated with the flood wave)
propagated very slowly downstream over a period of about
20 days, finally reaching Nappa Merrie around February 15
(Fig. 3). The extremely slow propagation speed below Retreat
is due to the presence of extensively braided channels and
numerous sinkholes along the lower reaches of the Copper
Creek catchment [14].

V. MODELING RESULTS

Fig. 4(a) shows the time series of areal average precipitation
and brightness temperature observations over the Barcoo River
watershed. Significant precipitation over the watershed started
on January 6, which resulted in wet surface soil moisture
conditions (i.e., low brightness temperatures). This was fol-
lowed by another event starting on January 9, which resulted in
nearly saturated soil moisture conditions. This wetting is clearly
visible in C-band AMSR-E imagery (Fig. 3) and time series
data in Fig. 3 which indicate a decrease of ∼52 K in watershed-
averaged brightness temperature between January 6 and 13.

X(t) =
[

i=t

P (i)
i=t−L+1

i=t

Tb6H(i)
i=t−L+1

i=t

Tb6V (i)
i=t−L+1

i=t

Tb10H(i)
i=t−L+1

i=t

Tb10V (i)
i=t−L+1

i=t

S(i)
i=t−L+1

i=t+L−1

Y (i)
i=t+1

]
(1)

Authorized licensed use limited to: Rajat Bindlish. Downloaded on February 2, 2009 at 16:44 from IEEE Xplore.  Restrictions apply.



BINDLISH et al.: ROLE OF PASSIVE MICROWAVE REMOTE SENSING IN IMPROVING FLOOD FORECASTS 115

Fig. 3. AMSR-E H 6.9 GHz observations over northeastern Australia during January–February 2004. All the images are for the 1:30 A.M. (local time) overpass
time. The figures show the Cooper Creek catchment boundary at Nappa Merrie (drainage area—236 985 km2).

Brightness temperature reached a minimum on January 13,
four–five days prior to the peak flooding at Retreat. An ad-
ditional 50 mm of precipitation fell on January 13–14. This
precipitation event, occurring on soils already saturated by
preceding storms, led to very efficient runoff generation and the
onset of flooding in the watershed. However, streamflow in the
watershed did not reach the major flood stage until January 18.
The approximately five-day time lag between peak precipitation
and discharge was used to define L for the adaptive streamflow
model (Section III and Fig. 2).

The adaptive model was run with L = 5 days to forecast
streamflow for the Barcoo watershed using both precipita-
tion and brightness temperature inputs [Fig. 4(b)]. The model
matched the observations very well in terms of the peak mag-
nitude of the flood wave. The predicted peak streamflow was
87% of the observations.

To study the incremental value of AMSR-E brightness tem-
perature observations over precipitation observations alone,
a data denial study was performed in which the adaptive
model was run with no brightness temperature observations
[Fig. 4(b)]. The model was reinitialized by using only the
precipitation observations. Neglecting all brightness tempera-
ture observations leads to a slightly better prediction of peak
streamflow intensity by the adaptive model but causes a large
underestimation of total flood wave volume. The use of bright-

ness temperature in the adaptive model provides an assess-
ment of antecedent infiltration capacity (based on soil moisture
memory of past rainfall), which, in turn, enables the adaptive
model to accurately predict the total volume of the flood wave.
However, no comparable advantage is noted for flood peak
(as opposed to flood volume) forecasting.

A two-week period without significant precipitation followed
peak flooding on January 18. This resulted in a dry-down
throughout the Barcoo River watershed during which bright-
ness temperatures increased to preflooding levels by February 1.
However, the watershed received about 30 mm of additional
precipitation on February 4. In the data denial (precipita-
tion only) analysis, this resulted in a large overprediction of
streamflow (∼300% of observed streamflow) on February 12
not observed in the modeling results using precipitation and
brightness temperature [Fig. 4(b)]. The lack of streamflow
response to precipitation was due to the absence of saturated
conditions preceding the precipitation event. During this period,
land surface information contained in the AMSR-E brightness
temperature fields allows the adaptive model to avoid a false
positive flooding prediction by correctly capturing dry an-
tecedent conditions not conducive to heavy runoff generation.

Similar results were obtained when the model was used over
other subwatersheds in the Cooper Creek catchment. The model
was run using streamflow observations for Bowen Downs,
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Fig. 4. (a) Observed precipitation and areal averaged brightness temper-
ature observations for the Barcoo watershed at Retreat (drainage area of
50 500 km2). (b) Observed and predicted streamflow observations for the
Barcoo river watershed. Streamflow forecasts are made using both brightness
temperature and precipitation observations and a precipitation-only case in
which brightness temperature is neglected. Dates for the onset of saturated
land surface conditions (January 13, 2004) and observed peak streamflow
(January 18, 2004) are indicated.

Longreach, Stonehenge, Retreat, and Nappa Merrie. Only
results from the Barcoo River at Retreat are presented here.

VI. DISCUSSION AND CONCLUSION

Two characteristics of microwave remote-sensing observa-
tions make them uniquely valuable for flood forecasting. First,
microwave observations are sensitive to soil moisture con-
ditions and, thus, can detect antecedent surface conditions
conducive to efficient runoff generation and the development
(or intensification) of regional-scale flooding events. Second,
microwave observations are capable of penetrating cloud cover,
which is typically extensive before, during, and after regional
flooding events.

The physical basis of this forecasting approach is that
remotely sensed surface soil moisture contains information
on current surface saturation conditions and, consequently,
helps to predict the future response of the land surface to
precipitation. This type of information will be of value for
large-scale flooding events (> 5000 km2) in which the gradual
build-up of antecedent soil moisture (over days to weeks) due
to consistently heavy precipitation is a detectable precursor
to the onset of actual flooding. It is likely that the observed
brightness temperature does not correlate well with streamflow
observations for complex watersheds. It will also be of rela-
tively less value for flash flood events driven by extreme levels
of precipitation occurring over relatively fine space-time scales
or floods resulting from sudden snow melt.

Microwave observations of the January 2004 Queensland
flooding event show the clear development of saturated land

surface conditions in the days prior to the precipitation event
that triggered the flooding event (Fig. 3). Through the use of
an appropriate adaptive streamflow model, these observations
can be used to improve the quality of streamflow forecasts
made during and after the flooding event (Fig. 4). In this
way, AMSR-E observations provide additional, as opposed to
simply redundant, skill relative to forecasts obtained with only
rainfall observations. The potential value of remotely sensed
observations is particularly high for catchments lacking good
streamflow and ground-based rainfall instrumentation. Future
research will address these issues by systematically applying
the approach to a wider range of flooding events in large-
scale basins with a variety of climatic and land cover char-
acteristics. Future lower frequency L-band missions (SMOS
and SMAP) are expected to further enhance the value of re-
motely sensed soil moisture products for hydrologic forecasting
applications.
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